Purpose: Spinal cord injury (SCI) is a relatively common, devastating traumatic condition resulting in permanent disability. In this study, the use of exosomes derived from bone mesenchymal stem cells (BMSCs-Exo) as a cell-free therapy for the treatment of SCI in rats was investigated to gain insights into their mechanisms of action. Methods: Rats were randomly divided into three groups, Sham (treated with PBS), SCI (SCI injury + PBS) and SCI + Exo (SCI injury + BMSCs-Exo). Changes in the complement system between the three groups were assessed with the use of proteomics. The proteomic data were verified using reverse transcription-polymerase chain reaction (RT-PCR). In addition, the distributions of BMSCs-Exo in rats with SCI were detected by immunofluorescence. Moreover, SCI-activated NF-κB levels were determined using Western blot. Results: SCI insult increased complement levels, including C4, C5, C6, C4 binding protein alpha and complement factor H. In contrast, the SCI + BMSCs-Exo group exhibited attenuated SCI-induced complement levels. Immunofluorescence assay results revealed that BMSCs-Exo mainly accumulated at the spinal cord injury site and were bound to microglia cells. Western blot analysis of tissue lysates showed that BMSCs-Exo treatment also inhibited SCI-activated nuclear factor kappa-B (NF-κB). Conclusion: BMSCs-Exo play a protective role in spinal cord injury by inhibiting complement mRNA synthesis and release and by inhibiting SCI-activated NF-κB by binding to microglia.
Introduction
Spinal cord injury (SCI) represents one of the most devastating medical issues, often resulting in serious dyskinesia and even death. 1 Although many therapies exist for the treatment of SCI, all have proven to be of limited efficacy. 2 Accordingly, a compelling need remains for the development of novel therapeutic strategies to improve functional recovery after SCI. In experimental models of SCI, accumulating evidence indicates that mesenchymal stem cell (MSC) transplantation may represent an effective therapy for this condition. 3, 4 Specifically, this therapy has been shown to promote anatomical and functional recovery, as well as reducing levels of proinflammatory factors and inhibiting the nuclear factor kappa-B (NF-κB) signaling pathway within these SCI models. 5, 6 However, direct transplantation of MSCs to target tissues remains challenging, as low survival rates, cell dedifferentiation, immune rejection, and tumor formation can all compromise the efficacy of this therapy. 7 Exosomes are membranous lipid vesicles (diameters of 40-100 nm) that contain functional proteins, mRNA, microRNA, and substances and are involved in the process of information transfer between cells. 8 They can be used to promote wound healing and skeletal muscle regeneration 9 and play an important protective role in various disease models, such as liver injury, 10 kidney injury, 11 myocardial ischemia reperfusion 12 and central nervous system injury. 13 Findings from recent studies have indicated that exosomes derived from MSCs (MSCs-Exo) not only promote functional recovery after SCI by attenuating apoptosis and inflammation but also promote angiogenesis, 2, 14 suppress glial scar formation, attenuate lesion size, promote axonal regeneration and suppress activation of A1, all of which culminate in improved behavioral recovery. 15 Interestingly, the results from previous studies have also demonstrated that complement inhibitors can be used as specific treatments for SCI. [16] [17] [18] Furthermore, a link between extracellular vesicles and the complement system has been uncovered. 19 Taken together, these findings indicate the importance of testing the hypothesis that BMSCs-Exo therapy modulates the complement system.
To test this hypothesis, Wistar rats subjected to SCI were treated with BMSCs-Exo via tail vein injection 1 hr following SCI insult. Changes in the complement system were assessed with use of proteomics, and SCIactivated NF-κB levels were determined using Western blot to reveal some of the underlying mechanisms for the beneficial effects of using BMSCs-Exo in SCI therapy.
Materials And Methods
Adult pathogen-free male Wistar rats (200-250 g) were provided by the Laboratory Animal Center of Shandong University. This study adhered to the guidelines of the Council for International Organizations of Medical Sciences for Animal Research, and experimental procedures were approved by the Animal Ethical and Welfare Committee of Shandong University.
BMSCs-Exo Generation And Collection
BMSCs were flushed from the femur of 3-4-week-old Wistar rats using a syringe. After removal, filtration and centrifugation, the supernatant was discarded, and cells were suspended in culture medium and adjusted to a density of 2.0×10 5 cells/mL after cultivation in 25 cm 2 culture flasks to generate the original cells. Medium was replaced after 24 hrs and every 2-3 days thereafter until cells had been expanded to 5 passages. 12 After removing the culture medium and washing three times with PBS, DMEM/F12 was added with exosome-free serum. After 24 hrs, cultures were collected into 50 mL centrifugation tubes. BMSCs-Exo were isolated from the supernatant of MSCs by a multistep process of centrifugation using the QEV kit (iZon Science, Cambridge, MA) according to the manufacturer's instructions. BMSCs-Exo were collected into 1.5 mL EP tubes and stored at -80°C for later use. Total protein concentrations of BMSCs-Exo samples were measured using the BCA protein assay kit CW0014S (CWBIO; Haimen, Jiangsu, China). BMSCs-Exo morphology was assessed using transmission electron microscopy as described by Kosanovic. 20 Western blot was used to detect expression levels of CD9 and TSG101 markers.
SCI Model And Treatments
All rats were permitted free access to water and food and were housed individually in cages in a temperature and light cycle controlled environment.
A spinal cord hemisection injury model was used in this study. Rats were anesthetized using 4% isoflurane and anesthesia was maintained with 2% isoflurane. The T10 spinous process was located, and the skin and subcutaneous tissue over the T10-12 area was incised, bilateral perispinous muscles were separated, and the T10 spinous process and vertebral plate exposed. A small needle holder was used to sever the right vertebral plate at the medial surface of the right articulation process. The spinous process was then removed to expose a small region of the left spinal cord. After identifying half of the right and median veins of the spinal cord, the median vein was used as a boundary where, slightly to the left of the center, the right semicircular spinal cord was severed horizontally using an iris knife. To be considered an effective SCI model, the following inclusion criteria were required: 1) in the postoperative quiet state, no right hind limb joint movement or slight left hind limb join movement were observed, 2) the tail of the rats showed a left curl and 3) the Basso, Beattie and Bresnahan locomotor rating scale (BBB score) was less than or equal to 1. 21 The sham group underwent only laminectomy.
Experimental animals (73 surgeries) were randomly divided into three groups (Table 1): 1) Sham (treated with PBS), 2) SCI (SCI injury + PBS) and 3) SCI + Exo (SCI injury + BMSCs-Exo). BMSCs-Exo (500 µL) was injected into the tail vein (100 μg total protein of exosome precipitate in 500 µL PBS, injection speed = 500 µL/min) of the SCI + Exo group 1 hr after SCI. For Sham and SCI groups, 500 µL PBS (500 µL/min) were injected into the tail vein as described for the SCI + Exo group 1 hr after Sham/SCI treatment.
Behavioral Tests And Morphological Assessment
BBB scores were used to evaluate functional recovery of hind limb locomotion. 21 Evaluations were conducted 1, 3, 7, 14, 21 and 28 days postinjury by two well-trained observers who were blinded to experimental animal grouping. For these tests, rats were allowed to move freely in an open field for 4 min, and average locomotor scores were calculated and recorded.
Incline Plate Test
A 6 mm thick rubber pad was placed on the surface of an inclined plate, and rats were placed in a body axis direction perpendicular to the longitudinal axis of the inclined plate. The angle of inclination was gradually increased, and rats were required to stay on the inclined plate for at least 5 s to record the maximum angle reached. Each rat was measured three times during each session, and the average value was recorded. The incline plate test was recorded 1, 3, 7, 14, 21, and 28 days post-SCI in all three groups.
Tandem Mass Tag (TMT) Quantitative Proteomics
TMT technology involves isotope labeling of relative and absolute quantitative reagent technology as developed by the Thermo SCIENTIFIC Company. 22 Three groups of samples were analyzed using this technology.
Seventy-two hours after Sham/SCI procedures, a certain number of rats were euthanized, spinal cords were immediately collected, and total protein was extracted from each tissue. Protein concentrations were determined using a Bradford assay. After trypsin digestion, peptides were desalted with a C18 cartridge to remove high concentrations of urea. Desalted peptides were then dried by vacuum centrifugation. After being labeled with TMT, peptides were fractionated using a C18 column on a Rigol L3000 HPLC. Samples were then dried using a vacuum and reconstituted in 0.1% (v/v) formic acid (FA) in water for subsequent LC-MS/MS analysis. This analysis was performed by Novogene Bioinformatics Technology Co. Ltd.
Proteomics Data Normalization And Analysis
Raw files obtained from LC-MS/MS were searched using corresponding databases, and protein identification was performed based on the results of this database search. Mass spectrometry data were searched using the UniProt database (rattus_norvegicus_uniprot_2018.07.02.fasta) with the use of Proteome Discoverer 2.2 software. GeneOntology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway were used to identify the potential function of all proteins.
Analysis of protein differences initially selects sample pairs that require comparisons and then determines the ratio of the mean value of all biological repeat quantitative values of each protein in the comparison sample pairs as a fold change (FC). To determine the statistical significance of these differences, t-tests were conducted on the relative quantitative value of each protein in the two samples for comparison, and the corresponding p-value was calculated as a significance index. When p<0.05 and FC ≥ 1.2, the protein expression level was upregulated, whereas p<0.05 and FC≤0.83 indicated that the protein expression level was downregulated. Up-and downregulated proteins were then screened according to these criteria. 
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Extraction And Quantitative Analysis Of mRNA
Spinal cord injury samples were harvested at 72 hrs post-injury. Total RNA was extracted from samples using TRIzol reagent (CWBIO Jiangsu, China). According to manufacturer's instructions, RNA reverse transcription to complementary DNA (cDNA) was accomplishing using specific primers. All primers ( Table 2 ) were designed and synthesized by BioSune Biotechnology (Shanghai). PCR results were normalized to β-actin expression. Electrophoresis was used to separate reaction products on 1.2% agarose/TAE gels, and reaction products were then run for 30-40 min at 90 V. The GelDocXR System was used to capture images. Image-Pro Plus 6.0 software was used to determine band intensities, and each value was normalized to β-actin.
Immunohistochemistry Staining
At 72 hrs post-injury, the SCI site was extracted and then fixed in 4% paraformaldehyde for 24 hrs, embedded in paraffin and sliced into 5 µm thick sections. Slides were dewaxed, incubated overnight at 4°C with primary antibody C1q (ab71089, Abcam), then blocked with secondary antibody and visualized with DAB. Nuclei were counterstained with hematoxylin. Sections were observed using a histologic microscope (OLYMPUS-BX51) and counting was performed in a blinded manner.
Immunofluorescence Staining
The green fluorescent dye PKH67 (Sigma-Aldrich, Olney, USA) was used to label MSCs-Exo according to manufacturer's instructions. PKH67-labeled exosomes were injected through the tail vein 1 hr after SCI. At 72 hrs' post-injury, the spinal cord injury site was extracted and then fixed in 4% paraformaldehyde for 24 hrs with 30% sucrose for dehydration. In addition, the liver, kidney and spleen were also extracted and then fixed at day 1, day 3 and day 7 after SCI. The primary antibody Iba-1 (1:100 10904-1-AP, Proteintech) was used. After incubation with the primary antibody, samples were washed and blocked with the appropriate secondary antibody. Sections were observed by confocal fluorescence microscopy (OLYMPUS-BX51) and counting was performed in a blinded manner.
Western Blot Analysis
Protein lysates were extracted from tissues of injured spinal cord tissue 72 hrs post-injury. Protein concentration was determined using the BCA protein assay kit (CW0014S, CWBIO; Haimen, Jiangsu, China). Concentrations of 20-40 µg total protein were separated on polyacrylamide gels, transferred to polyvinylidene difluoride membranes and incubated overnight at 4°C with the following primary antibodies: NF-κB (p65) (10745-1-AP, Proteintech), p-NF-κB (Ser536) (#3033, Cell Signaling), IκBα (10268-1-AP, Proteintech Group), p-IκBα (#2859, Cell Signaling), and βactin (TA-09, Zhongshan Golden Bridge Biotechnology, Beijing, China). Membranes were incubated with secondary antibodies, and signals were visualized using enhanced chemiluminescence.
Statistical Analysis
All experiments were repeated three times. And the size of most of the groups is n = 4-6; therefore, non-parametric tests (Kruskal-Wallis test followed by post hoc {Dunn-Bonferroni test}) were used to compare different groups. Data are shown as the median (min-max). Statistical analysis was conducted using SPSS 25.0 (IBM Corp., Armonk, NY, USA). P-values <0.05 were considered statistically significant. 
Results
Characterization Of BMSCs-Exo
Transmission electron microscopic observation of BMSCs-Exo revealed the presence of typical cup-shape spherical vesicles. The size distribution profile indicated a homogeneous population ranging from 20 to 130 nm ( Figure 1A) .
Western blot was used to examine the presence of the exosome markers CD9 and TSG101 ( Figure 1B ).
BMSCs-Exo Improved Functional Recovery After SCI
Gradual increases in BBB scores in both SCI and SCI + Exo groups demonstrated that functional recovery occurred over the post-paraplegia surgery evaluation period ( Figure 1C ). However, while all SCI rats (SCI and SCI + Exo groups) showed similar paraplegic hind limb symptoms with BBB scores of ≤1 on day 1, the scores in the SCI + Exo group were significantly higher than those of rats in the SCI group on days 7 (p<0.05), 14 (p<0.01), 21 and 28 (p<0.05) after SCI.
The results of incline plate test were consistent with the BBB score ( Figure S1 ). All these findings demonstrated that the SCI + Exo group exhibited much better recovery compared with the SCI group, indicating that BMSCs-Exo treatment significantly improved motor function in rats with SCI.
Differential Proteomic Analysis Of The Complement System
KEGG analysis revealed that significant differences were present in complement protein enrichment among Sham, SCI and SCI + Exo groups (Figure 2 ). Twentyfour upregulated proteins were observed between SCI and Sham groups (p<0.05, FC ≥ 1.2) ( (Table 4 ). These downregulated proteins included Cfh, C5, C6, Cfh protein, Cfp, C4bpb and Mbl. In contrast to the SCI alone group, rats in the SCI + Exo treatment group demonstrated the capacity to downregulate some components of the complement system, resulting in complement system inhibition. Open-field BBB scores recorded at 1, 3, 7, 14, 21, and 28 days post-SCI in the three groups. Functional recovery improved gradually over time throughout the evaluation period in both SCI and SCI + Exo groups. Compared to the SCI group, rats of the SCI + Exo group showed significantly greater improvements in functional activity over the observation period. All data are presented as the median (min-max). #p<0.05, ##p <0.01, SCI + Exo versus SCI.
BMSCs-Exo Attenuated SCI-Induced Increases In Complement mRNA
Expression of complement mRNA was examined using RT-PCR, and results from this assay verified the presence of corresponding genes from 8 proteins in the complement system, including Mbl, C1q, C4b, Cfh, C5, C6, Cfp and C3 ( Figure 3A) . Compared with the Sham group, complement mRNA in the SCI group was significantly increased for C1q, C3, C4b, C6, C5 and Mbl (p<0.001), Cfh (p<0.01) and Cfp (p<0.05). After treatment with BMSCs-Exo, the levels of complement mRNA in the SCI + Exo group were significantly decreased compared to the SCI group for C1q and Cfh (p <0.01) and C3, C4b, C6, C5, Mbl and Cfp (p <0.05).
Effect Of BMSCs-Exo On C1q Expression As Determined By Immunohistochemistry Of Injured Tissue
As C1q plays a key role in the complement system in SCI, we investigated SCI-induced changes in C1q expression in response to BMSCs-Exo treatment 72 hrs after SCI ( Figure 3B ). Immunohistochemistry analysis revealed very few C1q-positive cells in spinal tissue samples in the Sham group, whereas C1q-positive cells were numerous in the SCI group. BMSCs-Exo treatment significantly attenuated C1q expression within SCI + Exo group compared to the SCI group.
Immunofluorescence Staining
We firstly explored the distribution of exosomes in different tissues including liver, kidney and spleen at day 1, day 3 and day 7 after SCI. And the results ( Figure S2 ) showed that the fluorescence intensity was the strongest on the first day, and the fluorescence intensity gradually decreased at Day 3 and Day 7. The fluorescence approximately disappeared at Day 7, which indicated that the exosomes existed in the tissue for about 7 days.
Immunofluorescence results revealed that Iba-1 was profusely expressed near the injury site in all SCI rats (Figure 4 ). Large numbers of labeled BMSCs-Exo were found in microglial cells, with most of these BMSCs-Exo accumulating within small clusters in the cytoplasm of microglia.
BMSCs-Exo Inhibits SCI-Induced NF-κB Activation
The results of Western blot analysis revealed that phosphorylated NF-κB (p-p65) and phosphorylated-IκBα (p-IKBα) levels were significantly upregulated in response to SCI compared to the Sham group (p<0.01) ( Figure 5 ). After BMSCs-Exo treatment, p-p65 and p-IκBα levels were significantly downregulated compared to the SCI group (p-p65, p < 0.05; p-IKBα, p<0.01).
Discussion
In this study, we demonstrated that BMSCs-Exo play a protective role in spinal cord injury by inhibiting complement mRNA synthesis and release and by inhibiting SCIinduced activation of NF-κB. Moreover, the results from immunofluorescence revealed that BMSCs-Exo primarily accumulated at the site of spinal cord injury and were bound to microglial cells.
Complement System Function After SCI
The complement system represents an important component of the immune system and affects amplification of this system in vivo. 23 Normally, activation of the complement system is strictly regulated. However, overactivation of complement, as can result from changes in the internal and/or external environment of some organisms, can lead to complement dysfunction. Such an effect can then produce damage to multiple tissues and organs. 24 SCI can lead to complex, multiphasic inflammatory responses during the early phases of injury, 25 which can then damage spinal cord cells. The results from previous experiments have shown that treatments that reduce such inflammation have beneficial effects in moderating SCI. 17 Interestingly, inflammation activates the complement system; however, this activation is not sufficient to inhibit the inflammatory response. In fact, this activation may even aggravate SCI-induced inflammatory responses, thus enhancing the harmful effects of SCI. 26 Complement activation represents one of the critical initial components of neuro-inflammatory responses associated with SCI. It has been reported that complement is elevated within 1 day post-SCI in rodents, 27 and this phenomenon also been observed in human studies of SCI. 28 Results from previous experiments have shown that complement proteins (clusterin, C1q, MAC, Cfh, CFB, C3, C4, C9) are significantly increased in rat models of SCI. 29 Moreover, complement components (Cfh, Cfb, C1q, C4, C5b, C6-C9) are deposited in the neurological tissue of rats post-SCI. 27 In addition to complement protein synthesis by hepatocytes, it was reported that neutrophils, macrophages and T lymphocytes can produce complement proteins in response to SCI, leading to increased complement activation. 30 Our current results revealed that 24 complement proteins, including Cfh, Cfp, Cfb, C5, C6, Mbl, C3, C4, C9 and C4bp, were upregulated in response to SCI. These results are consistent with previous findings. 27, 29 As C3 and C1q are key components of the complement system, we focused on these factors using RT-PCR. Our results differ from those obtained with proteomics, which we hypothesized may be related to post-transcriptional modification of these proteins.
The Complement System As A Target For Treatment Of SCI
Accumulating evidence indicates that inhibition or deficiency of C3/C5 protects against inflammation, reduces injury and improves histological and functional locomotor outcomes after SCI. 17, 18, 24, 31 C1q deficiency has been shown to improve neural regeneration and functional recovery after SCI, 32 while a deficiency of Cfb reduces demyelination and inflammation, improving functional recovery from SCI in mice. 24 Moreover, intravenous injection of CR2-Crry (mouse complement inhibition) improves functional recovery from SCI and protects against neurological tissue damage resulting from SCI. 24, 33 In the study, we demonstrate that complement components were markedly downregulated by BMSCs-Exo treatment in SCI rats compared the SCI group. Taken together, these data uncover two significant novel findings. First, the beneficial effects of BMSCs-Exo treatment in SCI rats involve, in part, their capacity to downregulate complement components. Second, the complement system may represent an important new target for improving post-traumatic recovery from SCI.
Effects Of BMSCs-Exo On The Complement System Following SCI
There is considerable evidence indicating the importance of MSCs-Exo on various bodily functions. For example, Toh 34 reported that MSCs-Exo carry large functional proteins and play an important role in modulating immunomodulatory activities, while Eirin 35 reported that porcine adipose tissue-derived MSCs-Exo play an important role in inflammation or complement activation, as determined by proteomic profiling. Moreover, there is accumulating evidence that complex interactions exist between exosomes and complement systems, which play an important role in local and systemic inflammation; 19, 36 and, increased numbers of interactions were found in the circulation of patients during inflammatory conditions with highly activated complement. 37, 38 Results from some current studies indicate that the surface of exosomes contains key complement factors and complement regulators that affect inflammation and disease progression. 37, [39] [40] [41] In our present study, we identified 7 downregulated complement proteins in the SCI + Exo group using proteomic profiling. These proteins included Cfh, C5, C6, Cfh protein, Cfp, C4bpb and Mbl. Moreover, the results from RT-PCR and immunohistochemistry assays revealed that BMSCs-Exo treatment also inhibited activation of C1q in response to SCI, which is likely related to the functional recovery of locomotor responses observed in these rats.
BMSCs-Exo Selectively Target Microglia Cells In Damaged Spinal Cord
Microglia cells are important immune effector cells in the central nervous system (CNS) and play an extremely important role in physiological processes of the CNS. Specifically, they mediate endogenous immune responses to CNS damage and disease and exert neuroprotective effects. 42, 43 In the treatment of encephalopathy, exosomes primarily target microglia and neuronal cells. 44, 45 In this study, immunofluorescence results of PKH67-labeled BMSCs-Exo indicated their presence within the spinal cord injury area and were primarily localized to microglial cells. These findings suggest that BMSCs-Exo may have several cellular targets in SCI, with microglial cells being a major target in SCI. Thus, microglia cells may play crucial roles in post-injury functional recovery after SCI.
BMSCs-Exo Inhibited SCI-Induced NF-κB Activation
It has been reported that complement (C3/C5) is related to the NF-κB signaling pathway. [46] [47] [48] Huang et al observed that systemic administration of exosomes after SCI can reduce inflammation. 2 After SCI, the NF-κB signaling pathway is activated, and secondary inflammatory responses are regulated by NF-κB, while inhibition of NF-κB promotes functional recovery after SCI. 49 In our study, we found that p-NF-κB and p-IKBα levels were markedly downregulated by BMSCs-Exo treatment Figure 5 BMSCs-Exo inhibit SCI-induced NF-κB activation. Notes: Western blot results reveal that phosphorylated NF-κB (p-p65) and phosphorylated-IκBα (p-IKBα) levels were strikingly upregulated in SCI compared to the Sham group. After BMSCs-Exo treatment, p-p65 and p-IKBα levels were significantly downregulated compared to the SCI group. All data are presented as the median (min-max). **P<0.01 SCI versus Sham. #p<0.05, ##p<0.01 SCI + Exo versus SCI. compared to the SCI alone group, indicating that BMSCs-Exo inhibit SCI-induced NF-κB subunits.
There are limitations to this study that should be noted. The specific mechanisms through which exosomes downregulate complement transcription levels clearly require further investigation. Whether miRNAs or other substances that downregulate complement mRNA are carried within exosomes also needs to be established. Finally, our study was limited to changes in the complement system as determined during early stages of SCI. Whether such changes in complement are present at later stages requires further study.
Taken together, we demonstrate that BMSCs-Exo exert beneficial effects upon SCI. Specifically, we show that BMSCs-Exo can inhibit complement mRNA synthesis and release and inhibit activation of NF-κB signaling by binding to microglia cells. Accordingly, BMSCs-Exo may serve as a potential treatment for acute SCI, and the complement system may represent a primary target associated with the beneficial effects of this treatment.
